Background {#Sec1}
==========

Although substantial progress has been made in prevention and therapy for infectious diseases in recent years, bacterial meningitis remains an important issue in terms of infection-caused death worldwide \[[@CR1]\]. *Haemophilus influenzae* type B, *Neisseria meningitidis*, *Streptococcus pneumoniae*, group B *streptococcus*, *Escherichia coli*, and *Staphylococcus aureus* are the most common causes of meningitis in newborns and adults \[[@CR2]--[@CR5]\]. Among these, pathogenic *E. coli*, an important zoonotic bacterial pathogen, has been widely reported to invade the host central nervous system (CNS), causing severe intracranial infection with high mortality, as well as neurodegenerative disorders and sequelae \[[@CR6]\]. However, the mechanisms by which meningitic *E. coli* enters the host brain and causes neuroinflammatory responses are poorly understood. Identification of the specific host molecules involved in these essential steps is urgently needed to clarify these mechanisms.

The blood-brain barrier (BBB) consists of brain microvascular endothelial cells (BMECs), pericytes, and astrocytes and separates the brain parenchyma from blood circulation. The BBB ensures the brain's energy supply and stabilizes the microenvironment by discharging CNS metabolites and neurotoxic agents into circulation, while preventing circulating neurotoxic agents, inflammatory factors, or immune cells entering the CNS \[[@CR7]\]. BMECs are the most direct and functional structural component of the BBB and are closely linked by the expression of tight junction (TJ) proteins, including Claudins, Occludin, and cytoplasmic zonala-occludin family members (such as ZO-1, ZO-2, and ZO-3) \[[@CR8]\]. Decrease or distribution changes of these TJ proteins could lead to increased BBB permeability, which is an important indicator of BBB dysfunction \[[@CR9]\].

Platelet-derived growth factor (PDGF) is a family of growth factors comprising five dimeric ligands (PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD) assembled from four gene products (PDGF-A, PDGF-B, PDGF-C, PDGF-D) \[[@CR10]\]. Members of this family are disulfide-bonded polypeptides with multifunctional roles, including inflammation, brain development, and vascular permeability \[[@CR11], [@CR12]\]. Notably, increasing studies support the major role of PDGF-BB in a variety of disease models \[[@CR13]\]. In tumor tissues, the overexpression of PDGF-BB has been reported to promote tumor angiogenesis \[[@CR14]\]. In chronic hepatitis C virus infection, the induction of PDGF-BB mediated hepatic stellate cell proliferation, leading to liver fibrosis and cirrhosis \[[@CR15]\]. Another recent study reported that HIV infection can exploit host PDGF-BB to break the integrity of the BBB by decreasing TJ protein expression \[[@CR16]\]. Moreover, a stroke model study reported that the abnormal expression of PDGF-BB can enhance the permeability of BBB \[[@CR17]\]. Despite these, no previous studies have investigated the role of PDGF-BB in meningitic *E. coli* penetration of the BBB. Our previous RNA-sequencing data revealed the significant upregulation of PDGF-BB in human BMECs (hBMECs) upon meningitic *E. coli* challenge \[[@CR18]\], implying a specific role of this molecule in the infection process. However, the specific effects of PDGF-BB on meningitic *E. coli* penetration of the BBB remain unclear.

Intercellular adhesion molecule-1 (ICAM-1) is a member of the immunoglobulin superfamily cell adhesion molecule \[[@CR19]\], which is originally constitutively expressed in endothelial cells at low levels but can be highly induced in response to certain inflammatory and infectious conditions, leading to secretion of chemokines and cytokines such as monocyte chemoattractant protein-1 (MCP-1), interleukin-1 beta (IL-1β), and TNFα \[[@CR20]\]. ICAM-1 is now widely considered to be an important marker for endothelium activation, and its canonical function is widely believed to promote migration of leukocytes or monocytes to the infection site \[[@CR21]\]. ICAM-1 is reported to be highly induced in response to a variety of pathogenic microbes, such as *Plasmodium falciparum* \[[@CR22]\] and *E. coli* \[[@CR23]\], and has been identified as a receptor for virus infection, such as *rhinoviruses* \[[@CR24]\]. In a previous study of transcriptomics data, we found that ICAM-1 was significantly increased in hBMECs upon meningitic *E. coli* infection \[[@CR18]\], indicating activation of BMECs. However, the specific function of ICAM-1 in this situation remains to be characterized.

In the current study, to further explore the pathogenic mechanisms of meningitic *E. coli*-induced CNS infection, we characterized two key molecules, PDGF-BB and ICAM-1, in hBMECs in response to meningitic *E. coli*, and investigated their potential roles in mediating BBB permeability alteration as well as neuroinflammatory response. Our in vivo and in vitro results largely supported the contribution of PDGF-BB to BBB permeability via decreasing TJ proteins and the ICAM-1-initiated immune response by recruiting leukocyte or monocyte migration and traversing the BBB. PDGF-BB, as well as ICAM-1, are therefore likely to represent important candidate targets, which may provide novel insights for future prevention and non-antibiotic therapy for pathogenic *E. coli* meningitis.

Methods {#Sec2}
=======

Bacterial strains, cell culture, and reagents {#Sec3}
---------------------------------------------

Meningitic *E. coli* strain PCN033 used herein was originally isolated from pig cerebrospinal fluid from a diseased farm in China, 2006 \[[@CR25]\], and was kept in our laboratory. Bacterial cells were routinely grown in Luria-Bertani medium at 37 °C.

The hBMEC cell line was routinely cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS), 10% Nu-Serum, 2-mM L-glutamine, 1-mM sodium pyruvate, nonessential amino acids, vitamins, and penicillin and streptomycin (100 U/mL) in a 37 °C incubator under 5% CO~2~ until monolayer confluence \[[@CR26]\]. Confluent cells were washed with Hanks' balanced salt solution and starved in serum-free medium (1:1 mixture of Ham's F-12 and M-199) for 16--18 h before the experiment. The human monocyte cell line THP-1 was commercially purchased from ATCC (TIB-202) and cultured in RPMI1640 medium supplemented with 2-mM L-glutamine and 10% FBS \[[@CR27]\].

Reagents and antibodies {#Sec4}
-----------------------

Evan's blue dye was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Recombinant human PDGF-BB was obtained from Novoprotein (Summit, NJ, USA) and recombinant mouse PDGF-BB was obtained from Novus Biologicals (Littleton, CO, USA). Mouse PDGF-BB ELISA Kit was purchased from 4A Biotech, Co., Ltd (Beijing, China). The ICAM-1 neutralizing antibody was obtained from Abcam (Cambridge, MA, USA). For western blot analysis, PDGF-BB antibody (rabbit) was obtained from GeneTex (Irvine, CA, USA) and PDGF-B antibody (rabbit) was obtained from Abcam. ICAM-1 (rabbit) and ZO-1 (rabbit) antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Claudin-5 (rabbit) and Occludin (rabbit) antibodies were obtained from Arigo Biolaboratories (Hsinchu, Taiwan). The β-actin (mouse) antibody was obtained from Proteintech (Chicago, IL, USA). The super electrochemiluminescence (ECL) kit was obtained from US Everbright Inc. (Suzhou, China). For immunohistochemistry and immunofluorescence, PDGF-BB antibody (rabbit) was obtained from GeneTex (Irvine, CA, USA) and Claudin-5 antibody (rabbit) was obtained from Abcam (Cambridge, MA, USA). ICAM-1 (rabbit), ZO-1 (rabbit), Occludin (rabbit), and CD34 (mouse) antibody were obtained from Proteintech (Chicago, IL, USA). FITC-labeled goat anti-mouse and Cy3-labeled goat anti-rabbit antibodies and DAPI were obtained from Beyotime Institute of Biotechnology (China). A human pYSY-spCas9-sgRNA-Puro vector containing the Cas9 product and the guide RNA sequence was obtained from YSY Biotech (Nanjing, China).

Meningitic *E. coli* infection of hBMECs {#Sec5}
----------------------------------------

*E. coli* strain PCN033 infection of hBMECs was performed following previously described methods \[[@CR28]\]. Briefly, overnight cultures of *E. coli* were resuspended and diluted in serum-free medium and then added to the confluent hBMECs monolayer grown in 100-mm dishes at a multiplicity of infection of 10 (approximately 10^8^ colony-forming units (CFUs) per dish) to allow invasion at 37 °C. Finally, cells were washed three times with pre-chilled PBS and subjected to RNA extraction using TRIzol reagent or using cell lysis buffer for western blot analysis. In some assays, the supernatant of cell culture was collected and concentrated for immunoblotting of PDGF-BB.

Reverse transcription and real-time polymerase chain reaction (PCR) {#Sec6}
-------------------------------------------------------------------

TRIzol reagent (Aidlab Biotech, Beijing, China) was used to isolate total RNA from the infected hBMECs. Aliquots (500 ng) of the total RNA in each sample were subjected to cDNA synthesis using the HiScript II Q RT SuperMix for qPCR gDNA wiper (Vazyme, Nanjing, China). Primers for the quantitation real-time PCR were as follows: PDGFB, 5′-GCTCTTCCTGTCTCTCTG-3′ (forward) and 5′-GGTCACTCAGCATCTCATA-3′ (reverse); ICAM-1, 5′-GTAGCAGCCGCAGTCATAA-3′ (forward) and 5′-GCCTGTT GTAGTCTGTATTTCTTG-3′ (reverse); ZO-1, 5′-TGTGGAAGAGGATGAAGATG AAGA-3′ (forward) and 5′-GGTGGAAGGATGCTGTTGTC-3′ (reverse); occludin, 5′-TTAACTTCGCCTGTGGAT-3′ (forward) and 5′-TGTGTAGTCTGTCTCATAGTG-3′ (reverse); Claudin-5, 5′-CGCCTTCCTGGACCACAACAT-3′ (forward) and 5′-CCAG CACCGAGTCGTACACTT-3′ (reverse); and GAPDH, 5′-TGCCTCCTGCACCACCAAC T-3′ (forward) and 5′-CGCCTGCTTCACCACCTTC-3′ (reverse). Real-time PCR was performed with the real-time PCR thermal cycler qTOWER^3^ (Analytik Jena, Germany) using BioEasy SYBR Green master mix (Bioer Technology, Hangzhou, China) according to the manufacturers' recommendations. The transcriptional levels of the target mRNA were normalized to GAPDH. Data were presented as mean ± SD from three independent assays.

Western blot analysis {#Sec7}
---------------------

Mouse brains and hBMECs were homogenized or lysed in RIPA buffer with protease inhibitor cocktail and centrifuged at 12,000 rpm for 10 min at 4 °C to remove the insoluble cell debris. For the secretory PDGF-BB analysis, cell culture supernatant (90 mL for each sample) was collected and subjected to a concentration process by centrifugation at 4,000 rpm for 10 min at 4 °C as well as 0.22-μm filter to remove the possible cell and bacterial debris. The supernatant was then added with 10 mL of 15% trichloroacetic acid and incubated at 4 °C overnight. The mixture was then centrifuged at 13,000 rpm for 15 min at 4 C to remove the supernatant, and the precipitate was washed twice with acetone. The protein concentrations from brain lysates, cell lysates, or the concentrated supernatant were measured with a BCA protein assay kit (NCM Biotech, China) and applied to western blot analyses. The densitometry analysis was performed using ImageLab software version 5.2.1 (Bio-Rad, Hercules, CA, USA).

Secretory cytokines determination by enzyme-linked immunosorbent assay (ELISA) {#Sec8}
------------------------------------------------------------------------------

Mice were challenged with bacteria, and serum and brains were collected as mentioned above. Secretory PDGF-BB from serum and brain tissue was quantified using a PDGF-BB ELISA Kit, as mentioned in the "[Methods](#Sec2){ref-type="sec"}" section, following the manufacturers' instructions.

Electrochemiluminescence assay {#Sec9}
------------------------------

For ICAM-1 neutralizing assay in vivo, the ICAM-1 neutralizing antibody, purchased from Abcam (Cambridge, MA, USA), was injected intravenously at the dosage of 50 μg per mouse 2 h prior to bacterial challenge. The mice in the control group were injected with the equivalent bovine serum albumin (BSA). Mice were then intravenously challenged with 100 μL of bacterial suspension containing 1 × 10^7^ CFUs. After 6 h of infection, mice were subjected to euthanasia and brain lysates and serum were harvested for IL-1β and TNF-α quantitation using ECL assay, following the manufacturer's instructions (Meso Scale Discovery, Meso Scale Diagnostics, Rockville, MD, USA).

Immunohistochemistry and immunofluorescence analysis {#Sec10}
----------------------------------------------------

For immunohistochemistry IHC, paraffin sections were deparaffinized and rehydrated in xylene and ethanol. Endogenous peroxidase was quenched by incubation in 3% hydrogen peroxide, and antigen retrieval was performed in a 10-mM citrate buffer. Sections were then blocked with 5% BSA in PBS for 1 h at room temperature followed by incubation with primary antibody at 4 °C overnight. After washing with PBS, the secondary antibody was applied and diaminobenzidine (DAB) was added for color development. For immunofluorescence (IF), sections were incubated with the primary antibody, followed by incubation with secondary antibody conjugated with either Cy3 or FITC. The same sections were then incubated with CD34 primary antibody, followed by incubation with the appropriate secondary antibody prior to the final nucleus staining with DAPI. Sections were photographed and analyzed using BX41 Microscopy (Olympus, Tokyo, Japan).

Animal infection assay {#Sec11}
----------------------

The 25-day-old SPF KM mice (female) were obtained from the experimental animal center at China Three Gorges University (Hubei Province, China) for animal infection assays. Mice were challenged with *E. coli* strain PCN033 through the tail vein at 1 × 10^7^ CFUs suspended and diluted in phosphate-buffered saline (PBS; pH 7.4). The mild symptoms of mice were defined as dull and anorexic (appearing approximately 2--3 h post infection); the moderate symptoms of mice were defined as depressed, dull, and somnolent (approximately 5--6 h post infection); the severe symptoms of mice were defined as trembling and paddling (around 7--8 h post infection); and moribund mice behaved as overexcited and opisthotonus (approximately 9--12 h post infection). Mice with different symptoms were anesthetized for collection of the peripheral blood, and then perfused with heparin sodium solution (10 U/mL) in PBS as previously described \[[@CR29]\]. The brains were finally collected and processed for further assays.

For PDGF-BB, three samples (including mouse brain and serum) from each mice group with similar symptoms were randomly selected for ELISA determination, and the brains from moribund mice were moreover subjected to the IF and IHC assays. For ICAM-1, three brains in each group with similar symptoms were randomly pooled for western blot analysis, and the brains from mice with mild symptoms were moreover subjected to IF and IHC assays. For ECL assay, the brains and serum were collected after 6 h of infection. In the survival assay, mice were pretreated via tail vein injection with or without 50 μg ICAM-1 neutralizing antibody (Abcam, Cambridge, MA, USA) for 2 h prior to the challenge, and the fatality of the mice in each group was recorded.

In vivo blood-brain barrier permeability assay {#Sec12}
----------------------------------------------

BBB permeability was evaluated using Evan's blue dye (961 Da), which binds to intravascular serum albumin in vivo to become a protein tracer with high molecular weight \[[@CR30]\]. Briefly, recombinant mouse PDGF-BB (10, 100, and 500 ng/mouse) was pre-injected intravenously for up to 24 h, and 500-μL Evan's blue (5 mg/mL) was injected via the tail vein to allow circulation for 10 min before the mice were sacrificed and perfused. Brains were then taken and photographed for extravascular staining of the dye.

Electric cell-substrate impedance sensing {#Sec13}
-----------------------------------------

To explore the function of PDGF-BB in permeability of the BBB, hBMECs were seeded on collagen-coated, gold-plated electrodes in 96-well chamber slides (96W1E+) linked to electric cell-substrate impedance sensing (ECIS) Zθ equipment (Applied BioPhysics, Troy, NY) and monitored continuously to reflect any alterations of the barrier function. After stable maximal trans-endothelial electric resistance (TEER) was reached, the recombinant human PDGF-BB protein was added into the cells at a specified dosage (2, 5, 10, and 20 ng/mL). TEER changes of the monolayer cells were automatically recorded with the ECIS system.

Deletion of ICAM-1 in hBMECs via CRISPR/Cas9 technology {#Sec14}
-------------------------------------------------------

An all-in-one pYSY-spCas9-sgRNA-Puro vector was obtained from YSY Biotech (Nanjing, China). Human ICAM-1 sgRNA1 (5′-CCTGCCTGGGAACAACCGGA-3′) and sgRNA2 (5′-TCAAAAGTCATCCTGCCCCG-3′) were synthesized then cloned into the all-in-one vector to generate the pYSY-spCas9-ICAM-1-sgRNA-Puro plasmid. hBMECs were seeded into six-well plates at a density of 2 × 10^5^ cells per well for 24 h followed by the transient transfection with a 2-μg pYSY-spCas9-ICAM-1-sgRNA-Puro plasmid using Lipofectamine 3000 (Life Technologies). The cells were incubated at 37 °C with 5% CO~2~ for 24 h, and fresh medium containing 200 ng/mL puromycin was added and incubated for another 48 h. Cells were then collected and each single-cell clone was transferred into 96-well plates via a limiting dilution method. Genomic DNA was extracted when cells were confluent using QuickExtract DNA Extraction Solution (YSY Biotech, Nanjing, China). PCR was performed to amplify the target region with the following primers: 5′-TCCACATCGAAGGCAAAGTA-3′ (forward) and 5′-CTACGAGCAAGTGGCAAAGA-3′ (reverse). Cells with ICAM-1 sequence deletion were validated through sequencing as well as ICAM-1 expression via western blot analysis.

Cell-cell adhesion assay {#Sec15}
------------------------

Adherence of THP-1 monocytes to endothelial cells was evaluated using fluorescence-labeled monocytes according to previously described methods \[[@CR31]\]. In brief, monocytes were labeled with 5-μM Vybrant DiD (Sigma-Aldrich, USA) for 20 min at 37 °C in phenol red-free RPMI1640 medium containing 5% FBS. Fluorescence of labeled cells was measured (total signal) with a fluorescence microplate reader (TECAN, Mannedorf, Switzerland). After washing twice, the cells (1.5 × 10^6^/mL, 200 μL/well) were suspended in adhesion medium (RPMI1640 containing 2% FBS and 20-mM HEPES) and added to confluent monolayers of wide-type hBMECs or ICAM-1 knocking-out cells in 96-well plates which were pre-challenged for 2 h with meningitic *E. coli*. After incubation for 1 h at 37 °C, the non-adherent free monocytes were removed by washing four times, and fluorescence signals of adherent cells were measured as described previously \[[@CR31]\]. Monocyte adherence was presented as the percentage adherence and calculated as (adherent signal/total signal) × 100. Results were shown based on data from three independent replicates.

Statistical analysis {#Sec16}
--------------------

Data were expressed as mean ± standard deviation (mean ± SD), and the significance of differences between groups was evaluated using one-way analysis of variance or log-rank (Mantel-Cox) test. A level of *p* \< 0.05 (\*) was considered significant, and *p* \< 0.01 (\*\*) or *p* \< 0.001 (\*\*\*) was considered extremely significant. Graphs were plotted and analyzed using GraphPad Prism Ver. 6.0 (GraphPad Software, La Jolla, CA, USA).

Results {#Sec17}
=======

Meningitic *E. coli* significantly stimulates the production and secretion of PDGF-BB in vivo and in vitro {#Sec18}
----------------------------------------------------------------------------------------------------------

To verify our earlier RNA-Seq data that PDGF-B was significantly induced in response to meningitic *E. coli*, both in vivo and in vitro BBB models were applied to examine the expression changes of PDGF-B. In the monolayer hBMEC model, using real-time PCR, the transcription of PDGF-B was significantly and time-dependently increased with the bacterial challenge (Fig. [1](#Fig1){ref-type="fig"}a). But at the protein level, the results revealed that the expression of PDGF-B decreased along with infection (Fig. [1](#Fig1){ref-type="fig"}b). Since PDGF-B is initially transcribed in its monomeric form, and turns into a homodimer complex (PDGF-BB) to perform its function, we next analyzed the expression of PDGF-BB during this infection course. As expected in Fig. [1](#Fig1){ref-type="fig"}c, the PDGF-BB protein was shown to be significantly increased in cell lysates in a time-dependent manner, and the secreted PDGF-BB in culture supernatant was also obviously increased (Fig. [1](#Fig1){ref-type="fig"}d). Likewise, in mice infected by meningitic *E. coli*, the circulatory PDGF-BB in the serum exhibited a prominent increase accompanying with the infection course (Fig. [2](#Fig2){ref-type="fig"}a). Meanwhile, secreted PDGF-BB was also observed in the brain, exhibiting a significant increase, with a significantly higher level of PDGF-BB in the brains of mice with severe symptoms or those that were moribund compared with mice with mild symptoms, moderate symptoms, or control mice (Fig. [2](#Fig2){ref-type="fig"}b). In addition, the moribund mice brains were collected and the IF and IHC were performed to further analyze the PDGF-BB expression in situ. As shown in Fig. [2](#Fig2){ref-type="fig"}c and d, compared with control mouse brain, PDGF-BB was increased and more distributed around the blood vessels in the brains of moribund mice. Taken together, these in vitro and in vivo results indicate that meningitic *E. coli* infection can induce significant production and secretion of PDGF-BB.Fig. 1Meningitic *E. coli* infection increases production as well as secretion of PDGF-BB in hBMECs. **a** Meningitic *E. coli* PCN033 induced a time-dependent increase of PDGF-B transcription in hBMECs. GAPDH was used as the reference control. **b** Western blot analysis revealed a significant decrease of PDGF-B protein in the lysates of hBMECs in response to infection. β-actin was used as a loading control, and densitometry was performed to analyze differences among the samples. **c**, **d** Western blot analysis of the PDGF-BB dimer in either lysates or the concentrated culture supernatant of hBMECs after infection. β-actin was used as the loading control, and densitometry was performed to analyze differencesFig. 2PDGF-BB was upregulated in meningitic *E. coli*-challenged mice. **a**, **b** ELISA analysis of PDGF-BB in serum and brain lysates from challenged mice exhibiting different symptoms (*n* = 3). Data are presented as mean ± SD from three individual mice in each group. **c** The brains of moribund and control mice were taken and analyzed for the expression of PDGF-BB via IF. PCN033-induced perivascular PDGF-BB was labeled in green. CD34 was specifically applied for labeling the blood vessels in red. The cell nucleus was stained in blue with DAPI. Scale bar indicates 50 μM. **d** The brains of moribund and control mice were subjected to PDGF-BB expression by IHC. PDGF-BB around the vessels was indicated by red arrows (infection group) or black arrows (mock group). Scale bar indicates 50 μM

PDGF-BB enhances BBB permeability by decreasing the expression of TJ proteins {#Sec19}
-----------------------------------------------------------------------------

Since a high level of PDGF-BB was detected in mouse serum and brain tissue after infection, we next investigated the possible influence of PDGF-BB on BBB function using intravenous (tail vein) injection of recombinant mouse PDGF-BB (10, 100, and 500 ng/mouse). As shown, injection of recombinant PDGF-BB resulted in a dose-dependent increase of the BBB permeability. The injected Evan's blue dye largely leaked out of the blood vessels in both 100-ng and 500-ng PDGF-BB-treated mouse brains compared with the mock control (Fig. [3](#Fig3){ref-type="fig"}a), reflecting BBB damage in the brain. Meanwhile, the immunofluorescence (IF) was performed to examine the distribution of TJ proteins (ZO-1, Occludin, and Claudin-5) in mice brain in response to PDGF-BB treatment for 24 h. As shown in Fig. [3](#Fig3){ref-type="fig"}b, these TJ proteins were found to be well-organized and distributed around the blood vessels in the control mice brain. In contrast, the vascular endothelial layer became inconsecutively distributed, irregular or gapped in PDGF-BB-treated mice, indicating a breakdown of the TJ proteins between adjacent endothelial cells. We additionally evaluated the possible effects of PDGF-BB on TEER of the hBMEC monolayer in vitro through ECIS system. The results indicated that PDGF-BB treatment significantly decreased the TEER values of the hBMEC monolayer dose-dependently (Fig. [3](#Fig3){ref-type="fig"}c), in accordance with our in vivo observations, suggesting that PDGF-BB could be an important contributor to the BBB damage. Moreover, by using different dosages of recombinant human PDGF-BB to stimulate hBMECs for 24 h, we found that the expression of TJ proteins including ZO-1, Occludin, and Claudin-5 were significantly decreased (Fig. [3](#Fig3){ref-type="fig"}d), and their mRNA levels were also dose-dependently downregulated in response to PDGF-BB (Fig. [3](#Fig3){ref-type="fig"}e). Taken together, these observations indicate that meningitic *E. coli*-induced production of PDGF-BB is an important contributor to BBB breakdown via downregulating the TJ proteins.Fig. 3PDGF-BB contributes to BBB disruption by downregulating TJ proteins. **a** Effects of the recombinant mouse PDGF-BB (10, 100, and 500 ng/mouse) on permeability of the mouse brain evaluated by Evan's blue approach. **b** Mice were treated with or without PDGF-BB, and brains from both groups of mice were analyzed for the integrity of vascular endothelium by IF. The TJ proteins ZO-1, Occludin, and Claudin-5 were selected as the markers reflecting the integrity of the vascular endothelium. CD34 was specifically applied for labeling the microvessels. Scale bar indicates 50 μm. **c** Recombinant PDGF-BB treatment causes a significant and dose-dependent decrease of monolayer TEER based on ECIS system. Data were presented as mean ± SD from three independent assays. **d** Western blot analysis of ZO-1, Occludin, and Claudin-5 in hBMECs in response to multiple dosage of PDGF-BB (0, 5, 10, and 20 ng/mL). β-actin was used as the loading control, and densitometry was performed to analyze the differences. **e** Real-time PCR analysis of ZO-1, Occludin, and Claudin-5 transcription in hBMECs treated by multiple dosages of PDGF-BB. GAPDH was used as the internal reference. Data were presented as mean ± SD from three independent assays

Significant induction of ICAM-1 by meningitic *E. coli* infection in vivo and in vitro {#Sec20}
--------------------------------------------------------------------------------------

We also examined another important host molecule ICAM-1, which is widely recognized to be a biomarker for endothelial immunological activation \[[@CR21]\]. Our previous transcriptomics data suggested that ICAM-1 was sharply increased in hBMECs upon meningitic *E. coli* infection \[[@CR18]\]. In this work, we further verified this upregulation in vitro and in vivo. In hBMEC model, we found that mRNA transcription as well as the protein level of ICAM-1 showed a significant and time-dependent increase accompanying the infection (Fig. [4](#Fig4){ref-type="fig"}a, b). In challenged mice, the transcriptional level of ICAM-1 mRNA in mice brains was also significantly upregulated, with a greater than 50-fold increase at the early stage with mild symptoms (Fig. [5](#Fig5){ref-type="fig"}a). Meanwhile at the protein level, we also observed a significant increase of ICAM-1 in brains of the infected mice and maintained the higher expression in the course of infection (Fig. [5](#Fig5){ref-type="fig"}b). IF and IHC were additionally performed to ensure the overexpression of ICAM-1 in brains of the challenged mice with mild symptoms. As observed in Fig. [5](#Fig5){ref-type="fig"}c, ICAM-1 expression was found to be elevated and co-localized with blood vessels labeling with CD34 in the challenged mice, compared with the control group, and the same expression pattern was also observed by the IHC approach (Fig. [5](#Fig5){ref-type="fig"}d). These in vivo and in vitro evidences together indicate that meningitic *E. coli* challenge significantly induced ICAM-1 in endothelial cells.Fig. 4Meningitic *E. coli* induced significant upregulation of ICAM-1 in hBMECs. **a** PCN033 infection caused a significant upregulation of ICAM-1 in hBMECs time-dependently. GAPDH was used as the internal reference. **b** Western blot analysis revealed increased expression of ICAM-1 in hBMECs in response to infection. β-actin was used as the loading control, and densitometry was performed to analyze the differencesFig. 5ICAM-1 expression was elevated in the brains of mice challenged by meningitic *E. coli*. **a** Real-time PCR determination of ICAM-1 transcription in brain total RNA from mice exhibiting different symptoms (*n* = 5). The transcription of β-actin was used as the internal reference. Data were presented as mean ± SD from five individual mice in each group. **b** Brain lysates from challenged mice with different signs were subjected to western blot analysis for expression of ICAM-1. β-actin expression was used as the loading control, and densitometry of the bands was performed to compare differences. **c** The brains of mild symptom and control mice were sectioned and analyzed for the expression of ICAM-1 via IF. The perivascular ICAM-1 was stained red. CD34 was specifically stained in green to label the blood vessel, and the cell nucleus was stained blue with DAPI. Scale bar indicates 50 μM. **d** The brains of mild symptom and control mice were subjected to ICAM-1 expression by IHC. ICAM-1 around the vessels was indicated by red arrows (infection group) or by black arrows (mock group). Scale bar indicates 50 μM

Blockage of ICAM-1 attenuates CNS inflammatory responses induced by meningitic *E. coli* {#Sec21}
----------------------------------------------------------------------------------------

Cell-to-cell interactions, such as adhesion of monocytes to endothelial cells or monocytes migration toward endothelial cells, are considered important events in initiating the inflammatory response \[[@CR32]\]. We sought to investigate whether the increased expression of ICAM-1 in hBMECs is correlated with an enhanced association with monocytes, thus initiating the inflammatory response. Here, ICAM-1 was genetically destroyed in hBMECs using the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 approach by introducing two small guide RNAs, and its deletion was validated by PCR amplification, western blot analysis, and sequencing (Fig. [6](#Fig6){ref-type="fig"}a). Meanwhile, the infection-induced upregulation of ICAM-1 in endothelial cells was completely abolished, without any ICAM-1 expression in the knockout cells (Fig. [6](#Fig6){ref-type="fig"}b). Moreover, we found significantly increased adherence of the THP-1 cells to the infected hBMECs, compared with that to the control cells, whereas this enhanced cell-cell adherence was completely blocked when ICAM-1 was knocked out (Fig. [6](#Fig6){ref-type="fig"}c), suggesting an ICAM-1-mediated neutrophils or monocyte recruitment in response to meningitic *E. coli* infection. In vivo, by using MSD Multi-Array® assay, we evaluated the contribution of ICAM-1 to the production of proinflammatory cytokines in response to the infection, by intravenous injection of the ICAM-1 neutralizing antibody prior to bacterial challenge. We observed that functional blockage of ICAM-1 by neutralizing antibody had no effects on the generation of IL-1β and TNF-α in serum, with the similar high levels in meningitic *E. coli* challenge mice with or without ICAM-1 neutralization (Fig. [6](#Fig6){ref-type="fig"}d). However, levels of both IL-1β and TNF-α in mice brains were significantly decreased when ICAM-1-neutralizing antibody was injected, even though there were still high levels of IL-1β and TNF-α in challenged mice brains with ICAM-1 neutralization, compared with that in the uninfected control mice (Fig. [6](#Fig6){ref-type="fig"}d), reflecting a certain contribution of ICAM-1 to the infection-induced neuroinflammatory response. Based on these observations, we next evaluated the potential protective effects of ICAM-1-neutralizing antibody to the lethal dosage of meningitic *E. coli* PCN033 challenge. All mice in the control groups (PBS) survived during the whole observation, and the PCN033-challenged mice died out gradually within around 10 h. Although all mice that had been injected with ICAM-1-neutralizing antibody eventually died, their survival time lasted longer than that of the mice without neutralizing antibody injection (Fig. [6](#Fig6){ref-type="fig"}e). Anyway, the current findings revealed an important role of ICAM-1 in directing the circulating monocytes or neutrophils migration toward the activated endothelium and partly facilitating the neuroinflammatory responses.Fig. 6Blockage of ICAM-1 significantly attenuates meningitic *E. coli*-caused neuroinflammatory responses and extends the survival. **A** Schematics briefly showing the design of two gRNAs (gRNA1 and gRNA2) in the ICAM-1 Exon2 and the identification of the ICAM-1 knockout (KO) through PCR amplification, sequencing, and western blot analysis. Specific primers (P1 and P2) were used to analyze the ICAM-1 sequence in the genome. A total of 30 bp was deleted in ICAM-1 KO cells, in which the ICAM-1 protein was not expressed. **B** The induction of ICAM-1 by meningitic *E. coli* was completely abolished in hBMECs accompanying with the knockout of ICAM-1. **C** Meningitic *E. coli*-mediated increased monocytes (THP-1) adhesion to hBMECs was significantly blocked when ICAM-1 was knocked out. All data were presented as mean ± SD for three individual experiments. **D** MSD analysis of the IL-1β and TNF-α amount in serum and brain lysates from control mice, meningitic *E. coli*-challenged mice with or without ICAM-1-neutralizing antibody pretreatment. Data were expressed as mean ± SD (*n* = 5). **E** ICAM-1-neutralizing antibody pretreatment significantly prolongs mice survival time during bacterial challenge. Survival of mice in each group was monitored for 20 h after tail vein injection of meningitic *E. coli*. Data were collected and shown as Kaplan-Meier survival curves (*n* = 6)

Discussion {#Sec22}
==========

Pathogenic *E. coli* is traditionally considered to be an exclusively intestinal-specific microorganism responsible for a range of digestive tract infections or diseases. However, an increasing number of studies have reported the infection as well as isolation of pathogenic *E. coli* strains from multiple extraintestinal tissues \[[@CR33], [@CR34]\], suggesting that these pathogenic *E. coli* strains are able to break through multiple host tissue barriers to cause infection \[[@CR35], [@CR36]\]. In our previous study, we reported the isolation and characterization of a meningitis-causing *E. coli* PCN033, which was isolated from the brain of diseased pig and was subsequently demonstrated to be able to invade the BBB and cause CNS dysfunction \[[@CR25], [@CR37]\]. Subsequently, we used RNA-sequencing to explore the potential host factors involved in this infection process \[[@CR18]\], and herein, we laid emphasis on two host molecules, PDGF-BB and ICAM-1, which were significantly induced by the challenge of meningitic *E. coli* PCN033. With further in vivo and in vitro verification in response to infection, we demonstrated that meningitic *E. coli*-induced PDGF-BB negatively regulated the expression of TJ proteins including ZO-1, Occludin, and Claudin-5, enlarging endothelial permeability and causing BBB disruption. Meanwhile, the bacterial induction of ICAM-1 largely promoted the development of CNS inflammation and exacerbated the death (Fig. [7](#Fig7){ref-type="fig"}). These current findings largely support the notion that both PDGF-BB and ICAM-1 are two critical host targets that can be induced by meningitic *E. coli* for successful infection of the CNS.Fig. 7Schematic presentation of meningitic *E. coli* induction of PDGF-BB and ICAM-1 for BBB disruption as well as neuroinflammatory responses. Infection-induced PDGF-BB mediates the decrease of TJ proteins to enhance permeability, and infection-induced ICAM-1 expression in endothelial cells largely promotes circulating monocytes or neutrophils to traverse the BBB and magnify neuroinflammatory responses

As mentioned above, BMECs are tightly interconnected by the formation of TJ proteins, which restrict the crossing of pathogenic bacteria into the BBB. BBB dysfunction is widely considered a hallmark of the pathophysiology of bacterial meningitis \[[@CR38]\], and several inflammatory-related mediators, such as vascular endothelial growth factor A (VEGFA), IL-1β, IL-6, IL-17A, TNF-α, nitric oxide, and matrix metalloproteinases (MMPs), have all been implicated in BBB disruption \[[@CR39]--[@CR42]\]. Numerous in vitro and in vivo studies have reported that meningitis-causing microbes can affect endothelial barrier integrity by degrading or redistributing TJ proteins. For example, recent studies have indicated that enolase, a potential virulence factor of *Streptococcus suis* serotype 2, can increase BBB permeability by promoting IL-8 secretion \[[@CR43]\]. In *Neisseria*-induced meningitis, MMP-8 was involved in the proteolytic cleavage of the TJ protein Occludin \[[@CR44]\]. Moreover, group B *Streptococcus* induction of Snail-1 was sufficient to facilitate TJ disruption, promoting BBB permeability to allow bacterial passage \[[@CR2]\]. In *E. coli*-mediated meningitis, studies have demonstrated that meningitic *E. coli* can enhance BBB permeability by decreasing expression as well as redistributing TJ proteins \[[@CR37], [@CR45]\]. However, what are the involving host molecules that potently induced by meningitic *E. coli*, and their possible contributions during this process remain poorly understood.

PDGF-BB is known to play a critical role in the maintenance of CNS stability by controlling BBB homeostasis \[[@CR46]\]. However, in addition to its neuroprotective effects, PDGF-BB has also been recognized as a vascular permeability factor that can lead to endothelial barrier dysfunction in an ischemic stroke model \[[@CR47]\], Moreover, cocaine-mediated induction of PDGF-BB in hBMECs was reported to result in BBB damage by decreasing ZO-1 expression \[[@CR48]\]. Here, our in vitro and in vivo data also demonstrated that meningitic *E. coli* induced the upregulation of PDGF-BB, which dose-dependently increased BBB permeability by decreasing the expression of TJ proteins. These findings therefore support the essential roles of cellular PDGF-BB in regulation of BBB permeability in meningitic *E. coli* challenge.

In addition to PDGF-BB, we also noted a significant induction of ICAM-1 in hBMECs in response to infection. The induction of endothelial ICAM-1 is widely accepted to be an important indicator of endothelial activation, and integrin LFA-1 has been reported to play a central role in T cell migration \[[@CR49]\]. The general adhesion of endothelial ICAM-1 with LFA-1 in T cells initiates the circulating T cell transmigration through endothelial cells, mediating subsequent inflammatory responses \[[@CR50]\], and previous study has also demonstrated that blocking of ICAM-1 via using a neutralizing antibody greatly decreased T cells migration, without any side effects on cell permeability \[[@CR19]\]. In West Nile virus (WNV)-induced meningitis, inhibition of adhesion molecules in endothelial cells mainly contributed to the protection of the BBB, limiting neuroinflammation and virus-CNS entry \[[@CR51]\]. In an early work on the interaction between *E. coli* and hBMECs, the outer membrane protein A of the *E. coli* K1 strain selectively mediated enhanced expression of ICAM-1 in hBMECs \[[@CR23]\]. Here in the current study, we provided further evidences for the significant induction of ICAM-1 by meningitic *E. coli* strain in vivo and in vitro and elucidated the essential roles of ICAM-1 in mediating the migration of monocytes or neutrophils through the BBB, as well as the subsequent neuroinflammatory responses in the brain. Noticeably, we did observe a significant reduction of the proinflammatory cytokines IL-1β and TNF-α in the brains of mice receiving ICAM-1 neutralizing antibody; however, the expression level of these two cytokines in these mice were still greatly higher than those in control mice, suggesting that there must be some other host factors contributing to the neuroinflammation, except ICAM-1, and this might account for only the prolonged survival of the mice receiving neutralizing antibody, but not a complete protection. Taken together, although ICAM-1 is widely considered an indicator of endothelial activation, we believe it may also represent an important host target that can be induced by meningitic *E. coli* during infection.

An important factor in the development of meningitis is the level of bacteremia \[[@CR52]\]. After hematogenous infection, pathogenic bacteria propagate in the bloodstream and effectively avoid complement or macrophage-mediated killing and clearance in the blood, only in such a way the circulating bacteria get opportunity to enter the brain, invade the BBB, and induce CNS disorder \[[@CR53]\]. Obviously, it is not the case that pathogenic bacteria will definitely cross the BBB to cause CNS infection when entering the blood, but on the contrary, if pathogenic bacteria invade brain tissues and cause certain phenotypic symptoms correspondingly, it must mean that the pathogenic bacteria can survive in the blood, escape the clearance, and then invade the BBB. In our study, we observed the acute death of the mice within 12 h of infection, which is likely resulted from an increasing bacteremia and subsequently died from severe sepsis. However, it cannot be ruled out that there are indeed functional changes of the BBB and CNS inflammatory disorders during this process, which further aggravates the death process of the challenged mice. Therefore, on the one hand, we have observed the acute death of mice post infection, and on the other hand, we have also demonstrated the BBB disruption as well as neuroinflammatory disorder of dead or dying animals in this acute period, in which both PDGF-BB and ICAM-1 do play important roles.

Conclusions {#Sec23}
===========

In this study, the current findings highlight the importance of host cellular PDGF-BB and ICAM-1 in meningitic *E. coli*-induced BBB disruption, as well as CNS inflammatory responses (Fig. [7](#Fig7){ref-type="fig"}), which are the two essential components determining the occurrence and development of CNS infection and damage. Meningitic *E. coli* infection could enhance BBB permeability via PDGF-BB-mediated TJ breakdown, and the infection-induced endothelial activation by ICAM-1 upregulation largely initiates the development of CNS inflammatory responses. Our findings strongly support the functional involvement of PDGF-BB and ICAM-1 in meningitic *E. coli* invasion of the BBB, which represent important targets for further prevention and therapy of CNS disorders resulting from meningitis-causing pathogens.

96W1E+

:   96-well chamber slides

BBB

:   Blood-brain barrier

CFU

:   Colony-forming units

CNS

:   Central nervous system

CRISPR

:   Clustered regularly interspaced short palindromic repeats

DAB

:   Diaminobenzidine

*E. coli*

:   *Escherichia coli*

ECIS

:   Electric cell-substrate impedance sensing

ECL

:   Electrochemiluminescence

ELISA

:   Enzyme-linked immunosorbent assay

FBS

:   Fetal bovine serum

hBMECs

:   Human brain microvascular endothelial cells

ICAM-1

:   Intercellular adhesion molecule-1

IF

:   Immunofluorescence

IHC

:   Immunohistochemistry

IL-1β

:   Interleukin-1 beta

IL-6

:   Interleukin-6

IL-8

:   Interleukin-8

MCP-1

:   Monocyte chemoattractant protein-1

MMPs

:   Matrix metalloproteinases

PBS

:   Phosphate-buffered saline

PDGF-B

:   Platelet-derived growth factor-B

SPF

:   Specific pathogen free

TEER

:   Trans-endothelial electric resistance

TJ

:   Tight junction

TNFα

:   Tumor necrosis factor-alpha

VEGFA

:   Vascular endothelial growth factor A

WNV

:   West Nile virus

ZO-1

:   Zonala occludin-1

We sincerely appreciated Prof. Kwang Sik Kim in Johns Hopkins University School of Medicine for kindly providing hBMEC cells.

Funding {#FPar1}
=======

This work was funded by grants from the National Key R&D Program of China (2016YFD0500406), the National Natural Science Foundation of China (NSFC) (31772736 and 31502062), the outstanding youth project of Natural Science Foundation in Hubei Province (2018CFA070), and the Fundamental Research Funds for the Central Universities (Program No. 2662018PY032).

Availability of data and materials {#FPar2}
==================================

There is no data, software, databases, and application/tool available apart from those reported in the present study. All data is provided in the manuscript.

RY performed the experiments, analyzed the data, and drafted the manuscript. LL and XQ performed the CRISPR/Cas9 genomic editing. SX, BX, JF, YL, and NA helped to analyze the data and revise the manuscript. CT, KK, and HC provided the material and technological support. XW conceived the experiments and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

The current study was carried out in accordance with the guidelines established by the China Regulations for the Administration of Affairs Concerning Experimental Animals (1988) and Regulations for the Administration of Affairs Concerning Experimental Animals in Hubei province (2005) (Project No. 00270520 and Animal Welfare Assurance No. 180701). All procedures and handling techniques were approved by the Committee for Protection, Supervision and Control of Experiments on Animals guidelines at Huazhong Agriculture University (Permit No. SYXK2015-0084). All efforts were made to treat the experimental animals in this study ethically and to minimize suffering.

Consent for publication {#FPar4}
=======================

Not applicable

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
